We develop a general quantum theory of the coupled plasmonic modes resulting from the near-field interaction between localized surface plasmons in a heterogeneous metallic nanoparticle dimer. In particular, we provide analytical expressions for the frequencies and decay rates of the bright and dark plasmonic modes. We show that, for sufficiently small nanoparticles, the main decay channel for the dark plasmonic mode, which is weakly coupled to light and, hence, immune to radiation damping, is of nonradiative origin and corresponds to Landau damping, i.e., decay into electron-hole pairs. PACS numbers: 73.20.Mf, 73.22.Lp, 78.67.Bf It has taken seventy-four years between the founding work of Mie on the optical response of a metallic nanoparticle [1] and the extension of Ruppin to the case of two nearby spheres [2] . At the practical level, the evolution from the single object to compound optical resonant systems has even been slower than the corresponding theoretical development. About twenty centuries span from the realization of optically active materials based on noninteracting nanoparticles [3] to the success in the fabrication and optical measurements of ensembles of interacting nanoparticles [4] . Nonetheless, once the theoretical and experimental basis for studying these compound objects was laid down, the subsequent developments have been extremely fast. In the field of nanoplasmonics [5] , the intense recent activity concerning nanoparticle dimers [6] stems from the fact that it is the simplest system sustaining coupled plasmonic excitations.
It has taken seventy-four years between the founding work of Mie on the optical response of a metallic nanoparticle [1] and the extension of Ruppin to the case of two nearby spheres [2] . At the practical level, the evolution from the single object to compound optical resonant systems has even been slower than the corresponding theoretical development. About twenty centuries span from the realization of optically active materials based on noninteracting nanoparticles [3] to the success in the fabrication and optical measurements of ensembles of interacting nanoparticles [4] . Nonetheless, once the theoretical and experimental basis for studying these compound objects was laid down, the subsequent developments have been extremely fast. In the field of nanoplasmonics [5] , the intense recent activity concerning nanoparticle dimers [6] stems from the fact that it is the simplest system sustaining coupled plasmonic excitations.
The near-field interaction between the localized surface plasmons (LSPs) of two nanoparticles results in a bright mode (coupled to the electromagnetic field associated with visible light) and a dark one (weakly coupled to light). Both of these modes have been experimentally observed [6] [7] [8] [9] [10] [11] [12] and theoretically investigated [2, [13] [14] [15] [16] [17] [18] [19] . The bright mode has been observed using laser excitation in various experimental systems [6] [7] [8] [9] . In symmetric, homogeneous dimers the dark mode cannot be excited with visible light, while in heterogeneous dimers the optical excitation is possible, but quite difficult for the usual physical parameters. Nevertheless, the signature of the dark mode has unambiguously been unveiled in recent electron energy loss spectroscopy (EELS) experiments [10] [11] [12] .
The damping of these coupled modes is a crucial limiting factor for their experimental observation as well as for potential applications in the field of nanoplasmonics [5] . While the bright mode radiates in the far-field and hence has a radiative decay, the dark mode is obviously immune to radiation damping. It is then of paramount interest to understand the decay channels at the origin of the experimentally-observed finite linewidth of the dark mode [10] [11] [12] .
In the present work we show that for sufficiently small nanoparticles, the main decay channel for the dark mode is nonradiative and corresponds to Landau damping, i.e., the decay into electron-hole pairs [20] . For this purpose, we develop a general quantum theory of coupled plasmonic excitations in a heterogeneous dimer of metallic nanoparticles. Using bosonic Bogoliubov transformations and semiclassical techniques, we provide analytical expressions for the frequencies and lifetimes of the coupled plasmonic modes.
For a single metallic nanoparticle, the separation of the electronic coordinates into center-of-mass and relative motion [21, 22] amounts to a description typical for an open quantum system. The dipolar LSP (i.e., the center-of-mass coordinate) is coupled to an electronic environment (i.e., the bath of electron-hole pairs represented by the relative coordinates) and leads to the nonradiative decay of the collective excitation (Landau damping). The coupling between the two subsystems is a consequence of the breaking of Kohn's theorem [23, 24] due to the non-harmonicity of the confining potential, the latter arising from the positive ionic background. In addition, radiative damping arises from the coupling of the LSP with electromagnetic field modes, while absorption (Ohmic) losses occur due to the finite resistivity of the metal.
Extending this approach to the case of a nanoparticle dimer (sketched in the inset in Fig. 1 ), the resulting electronic Hamiltonian can be written as [25] 
The plasmonic part reads
where the index n is used to identify within the dimer the two spherical, neutral nanoparticles of radius a n (each containing N n electrons). The LSP frequencyω n = ω n (1 − N out,n /N n ) 1/2 is redshifted with respect to the Mie frequency
1/2 due to the N out,n electrons spilling out of nanoparticle n [4] . Here, −e and m e denote the electron charge and mass, respectively. The dielectric constant cle n. The two LSPs interact through their near fields, giving rise to the second term in the right-hand side of Eq. (2), where
Here, d is the center-to-center nanoparticle distance and θ is the angle formed by the polarizationˆ of the LSPs and the z axis joining the two NPs (see the inset in Fig. 1 ). In writing Eq. (2), we adopted a quasistatic dipoledipole approximation valid for 3a n d c/ω n , where c is the speed of light [25] [26] [27] . We further assumed that in each eigenmode, the two LSPs are polarized in the same direction . Electron-hole excitations within each nanoparticle provide the electronic environment described by [22] 
where c nα (c † nα ) annihilates (creates) an electron in the nth nanoparticle associated with the one-body state |nα with energy ε nα in the self-consistent potential V . Note that the form (3) implicitely assumes that tunneling of electrons between the two nanoparticles is suppressed. Similarly to the case of a single nanoparticle discussed above, the coupling of the plasmon to the electronic environment comes from the nonharmonicity of the single-particle confinement, which in the jellium approximation with
where r n is the radial coordinate with respect to the center of nanoparticle n. Hence, the Hamilonian H pl−eh in Eq. (1) can be written as [25] 
The quadratic Hamiltonian (2) representing the two coupled LSPs is diagonalized as
For the general case of unequal frequenciesω n , following Tsallis' prescription for Bogoliubov transformations [28] , we find [25] 
whereū n,± is obtained from u n,± by changing ω ± +ω n by ω ± −ω n . In Eq. (7),n = 1(2) for n = 2(1). The two plasmonic eigenmodes correspond to the coherent oscillation of the two LSPs. For θ = 0, the low-energy (high-energy) mode with frequency ω − (ω + ) can be thought of as the in-phase (anti-phase) motion of the two LSPs. Vice versa, for θ = π/2, the − and + modes correspond to the anti-phase and in-phase motions, respectively. Figure 1(a) shows the transition between these two previous extreme cases as a function of the polarization angle θ. In the special caseω 1 =ω 2 [i.e., identical nanoparticles, thin solid and dashed lines in Fig. 1(a) ], the in-phase mode (with nonvanishing dipole moment) can be excited by dipolar light and thus receives the name of "bright mode". It corresponds to the − (+) eigenmode for polarization angles θ < (>)θ 0 , where θ 0 = arccos (1/ √ 3) is the angle for which the dipole-dipole interaction in Eq. (2) vanishes. Conversely, the anti-phase mode (with vanishing dipole moment) corresponds to the + (−) eigenmode for θ < (>)θ 0 . Since it cannot be triggered by visible light, it is referred to as the "dark mode". Whenω 1 =ω 2 [thick, solid and dashed lines in Fig. 1(a) ], the difference between bright and dark modes is less stringent, as both the + and − modes have a finite dipole moment for any θ. In this case the usage of bright (dark) modes refers to the larger (smaller) total dipole moment. Notice, moreover, that the dependence on the interparticle distance d of the ± frequencies is encapsulated in Eq. (6) in the definition of Ω, so that ω ± −[(ω
. Such a behavior, which directly follows from the form of the dipole-dipole interaction, has also been unveiled both theoretically [2, 14] and experimentally [8] in the case of nanoparticles of equal size and formed of the same material. The modes previously described can be understood as resulting from the coupling of classical dipoles, as has been extensively discussed in the literature [2, 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Our quantum description is nevertheless crucial for the evaluation of the Landau damping of the two coupled plasmonic modes. The coupling Hamiltonian (5) associated with this decay channel can be expressed in terms of the B ± bosonic operators as
with
where Λ n = ( m e ω 3 n /2N n ) 1/2 , ∆u n,σ = u n,σ −ū n,σ and where an explicit expression of the dipole matrix element is given in the Supplemental Material [25] . Equation (8) is obtained under the assumption that the self-consistent potential V is constant inside the nanoparticles and infinite outside. Such an assumption, which neglects the spill-out, is justified by density functional calculations for the one-particle case [22] as well as for dimers [17] .
The zero-temperature Fermi's golden rule decay rate of the + and − plasmonic modes from the Landau damping channel is then given from Eq. (8) by
where |ne and |nh represent, respectively, electron and hole states in the self-consistent potential V for the nth nanoparticle. For spherically symmetric nanoparticles, the sum over e and h states is performed by introducing the density of states (n)
l (E) with fixed angular momentum l at energy E in nanoparticle n. The angular momentum selection rules lead to
with E ± = E − ω ± and where
Here, E
F ) stands for the Fermi energy (velocity) in nanoparticle n. Using the semiclassical leading order form [30] of (n) l , the Landau damping decay rates read
where an explicit expression of the function g can be found in the Supplemental Material [25] , thus yielding an analytical expression for the Landau damping decay rates. The linewidths from Eq. (13) are represented as a function of θ in Fig. 1(b) for the caseω 1 /ω 2 = 1 (thin lines) andω 1 /ω 2 = 1.05 (thick lines). The + (solid) and − modes (dashed lines) show a small modulation with respect to the Landau damping linewidth of isolated nanoparticles γ
F )/4a n (used as normalization). Wheñ ω 1 /ω 2 = 1, the higher energy + mode is less damped than the lower-energy − one. This energy dependence is similar to the one found in the case of an isolated nanoparticle [31, 32] .
In order to assess the relevance of Landau damping, we have to quantify the additional damping mechanisms not described by the Hamiltonian (1). The absorption losses given by the bulk conductivity of the metal lead to a sizeindependent decay rate γ a (which has a weak frequency dependence). The radiation damping rate γ r ± relates the power P r ± radiated with the energy E ± stored in the mode ± as P r ± = γ r ± E ± . In the limit where the interparticle distance is much smaller than the wavelength associated with each LSP [33], one has P r ± = 2ω
3 , where p ± is the dipole moment corresponding to the ± mode oscillating at the frequency ω ± given by Eq. (6) . Averaging P r ± on a period 2π/ω ± much shorter than the decay time 1/γ r ± leads to
The radiation damping linewidths above are shown in Fig 3 . Forω 1 /ω 2 = 1, the dark mode has a vanishing radiative linewidth [thin black curve in Fig. 1(c) ] as it does not couple to the electromagnetic field, while the radiation damping of the bright mode can be modulated with the light polarization (thin red/gray curve). Choosingω 1 /ω 2 = 1 opens the way to the optical detection of the dark mode, as its linewidth becomes finite [thick black curve in Fig. 1(c) ]. The relative importance of the three above-described damping mechanisms, as well as those arising from the nature of the embedding matrix (chemical interface damping and conduction band in the matrix [4] ) depends on a variety of physical parameters that should be settled in order to achieve a meaningful comparison. We focus from now on on noble metal nanoparticles [34], since they constitute the dimers experimentally studied [6] [7] [8] [9] [10] [11] [12] . We show in Fig. 2 the competition of γ L ± and γ r ± of the bright (light gray/red lines) and dark (black lines) plasmonic modes as a function of nanoparticle radius a (assumed to be the same for both particles) for homogeneous [Ag-Ag, Fig. 2(a) ] and heterogeneous [Ag-Au, Fig. 2(b) ] dimers with d = 3a. A matrix with m = 4 is assumed, which leads to LSP resonances ω Ag = 2.6 eV/ and ω Au = 2.2 eV/ [4] . We consider the transverse polarization (θ = π/2), so that the + (−) mode corresponds to the bright (dark) mode (see Fig. 1 ). As can be seen from Fig.  2(a) , for the bright mode the Landau damping [Eq. (13) Fig. 2(a) ] dominates for sizes up to which it becomes negligible as compared to the absorption losses, since the radiative contribution to the linewidth vanishes [see dashed line in Fig. 2(a) ]. In the case of a heterogeneous dimer [ Fig. 2(b) ], the difference between the bright and dark plasmonic modes is less stringent, as the dark mode acquires a finite dipole moment due to the difference in sizes and/or in densities between the two nanoparticles.
The agreement of our analytical theory with microscopic numerical calculations [17] is excellent. Using the timedependent local-density approximation for Ag dimers with a = 1.2 nm, d = 3a and θ = 0, a resonance linewidth of 0.43 eV is obtained, while the Landau damping mechanism, dominating in this regime, yields [Eq. (13) ] γ L − = 0.40 eV. The existing experimental data exhibit tendencies that are consistent with our theoretical calculations. In Ag dimers excited by EELS [11] the bright and dark modes have both an increasing damping rate when passing from homogeneous to heterogeneous dimers, due to the larger dipole moments of the latter and the fact that the inhomogeneous dimers are achieved by using larger nanoparticles. Homogeneous dimers with a = 12 nm have a larger damping rate for the bright mode than for the dark one, due to the radiation damping contribution on the former. However, a quantitative comparison of the damping rates is handicaped by the limited resolution (∼ 0.2 eV) of EELS experiments [11] . In addition, the nanoparticles in the experiment are very close to each other, taking the setup outside the validity of the dipole-dipole approximation. Moreover, while absorption losses (estimated [35] to be about γ a 0.1 eV in optically excited nanoparticles) are expected to be negligible as compared to Landau damping in small nanoparticles, the particles of the experiment of Ref. [11] are rather large. The strong heating in EELS experiments leads to increased absorption losses that might dominate the total linewidth of about 0.5 eV. Also, the nature and dielectric properties of the material coating the nanoparticles are not well controlled.
In conclusion, we have presented a general quantum theory of coupled plasmonic modes in a heterogeneous metallic nanoparticle dimer. We have provided analytical expressions for the frequencies, Landau damping and radiative linewidths of these plasmonic modes. The role of nonradiative damping for collective excitations of interacting metallic nanoparticles has been explored and quantified for the first time. In particular, we have shown that the Landau damping is an unavoidable decay channel for the dark plasmonic mode consistent with the tendencies of the experimentally-observed linewidths [10] [11] [12] . Our work should motivate systematic measurements for different particle sizes and constitutes a first step of crucial importance towards the understanding of the damping mechanisms limiting plasmon propagation in technologically promising quantum metamaterials based on one-and twodimensional arrays of nanoparticles, such as the honeycomb lattice supporting chiral massless Dirac-like plasmons [36] .
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